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We study the effects of electrostatic gating on the magnetization auto-oscillations induced by
the local injection of electric current into a ferromagnet/heavy metal bilayer. We find that the
characteristic currents required for the excitation, the intensity and the spectral characteristics of
the generated dynamical states can be tuned by the voltage applied to the metallic gate separated
from the bilayer by a thin insulating layer. We show that the effect of electrostatic gating becomes
enhanced in the strongly nonlinear oscillation regime at sufficiently large driving currents. Analysis
shows that the observed effects are caused by a combination of electric field-dependent surface
anisotropy and electric field-dependent contribution to the current-induced spin-orbit torques. The
demonstrated ability to control the microwave emission and spectral characteristics provides an
efficient approach to the development of electrically tunable microwave nano-oscillators.
PACS numbers: 85.75.-d, 75.76.+j, 75.30.Ds
Significant progress has been made in recent years
in the ability to control magnetism by magnetic field,
current-induced spin torques, electrostatic and optical
fields. All-electronic control of magnetization, achieved
by the application of electric fields [1], electric cur-
rents [2], or a combination of both, is particularly attrac-
tive, because it provides the benefits of high speed, low
power, the possibility of downscaling for high-density ap-
plications, and is amenable to integration with the mod-
ern semiconductor electronics. Several approaches and
mechanisms enabling all-electric control of magnetism
have been extensively investigated in a number of mate-
rials and heterostructure geometries. For instance, the
Curie temperature has been varied in magnetic semi-
conductors by the modulation of the carrier concentra-
tion [3, 4]. Electrically driven magnetization reversal has
been achieved in multiferroic materials due to its cou-
pling to the electric polarization [5–7] and in ultrathin
ferromagnet/oxide heterostructures due to the voltage-
dependence of the interfacial magnetic anisotropy [8–
10]. Magnetization control by current, including current-
induced magnetization reversal and auto-oscillations due
to the spin transfer torque (STT), has been achieved
in magnetic multilayer structures [11–14] and in heavy
metal/ferromagnet heterostructures (FH) [15–18]. In FH
bilayers, STT is produced by the pure spin current gen-
erated by a combination of the spin Hall effect (SHE)
inside the heavy metal and the Rashba effect caused by
the spin-orbit interaction (SOI) at the magnetic inter-
face [19–23]. The recently demonstrated electric field-
assisted current-induced magnetization reversal in mag-
netic tunnel junctions has received a significant attention
due to the flexibility of control and the high efficiency
of the combined electric-field effect and current-induced
spin torques [24, 25]. Despite these promising features,
the mechanisms of the electric field effect on the current-
induced spin torques and magnetization dynamics are
still being debated.
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Figure 1: (Color online). (a) Schematic of the device structure
and the experimental setup. (b) Gate leakage current Ileak vs
gate voltage Vg for a gated SCAO device.
Here, we demonstrate the effects of electric field on
the magnetization oscillation driven by the current-
induced spin-orbit torques in a spin-current auto-
oscillator (SCAO) based on the Permalloy(Py)/Pt bi-
layer. The highly coherent self-localized spin wave is ex-
cited in the extended Py film by the local injection of spin
current, which is generated by a combination of spin Hall
effect in Pt and the interfacial Rashba-type spin-orbit
torque at the Pt/Py interface. We show that the electric
field produced by the back-gating can modify the charac-
teristic currents required for the auto-oscillation, as well
as the spectral characteristics of the auto-oscillation, due
to a combination of field-induced spin-orbit torques and
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Figure 2: (Color online). Dependence of the microwave generation characteristics on the magnetic field H, at Vg = 0. (a)
Generation spectra (symbols) obtained at I = 6.7 mA and the labeled values of the magnetic field. The curves are the results
of fitting by the Lorentzian function. (b)-(d) Field dependencies of the minimum full width at half-maximum of the generation
spectrum (b), the maximum integral intensity (c), and the critical current Ic (d). (e) The spin torque FMR frequency (circles)
and the maximum frequency of the auto-oscillation (triangles) vs H. The solid curve is the result of fitting with the Kittel
formula f = γ
√
H(H +Hd), where γ = 2.8 MHz/Oe is the gyromagnetic ratio, and the effective demagnetizing field Hd
has the best-fit value of 8380 Oe determined by the magnetization of Py and the surface anisotropy. Inset: magnetic field
dependence of the ST-FMR voltage obtained with a microwave current of 1 mA rms at frequency fext = 4 GHz. The curve is
the best fit with a sum of a symmetric and an antisymmetric Lorentzian.
the modulation of interfacial magnetic anisotropy. We
also demonstrate that the effects of electric field can be
significantly enhanced in the strongly nonlinear dynami-
cal regime of SCAO reached at sufficiently large driving
currents. The demonstrated electrostatic gating effects
provide an efficient approach to low-power control of the
microwave generation characteristics of SCAO, enabling
the development of new information processing technolo-
gies based on spin dynamics.
Figure. 1(a) shows the schematic of the test device
structure and the experimental setup. The device was
fabricated on an annealed sapphire substrate by a com-
bination of magnetron sputtering and e-beam lithogra-
phy. The SCAO was based on a Py(3)/Pt(2) FH bilayer
disk with a 4 µm diameter. All thicknesses are given
in nanometers. Two Au(100) electrodes with sharp tips
separated by an 80 nm gap, fabricated on top of the
FH bilayer, were utilized to locally inject the electrical
current in the bilayer. The spin Hall effect generated
due to spin-orbit interaction in Pt by the current flowing
through it produced a pure spin current flowing into the
Py(3) layer, exerting STT on its magnetization. An addi-
tional torque was exerted on the Py magnetization due to
the Rashba-like torque originating at the Py/Pt interface.
This structure and its operation are similar to the planar
point contact spin Hall nano-oscillators previously stud-
ied by optical [18] and magnetoelectronic techniques [26].
In our study, the device included an additional Cu(20)
gate electrode fabricated underneath the FH bilayer, and
electrically isolated from it by an AlOx(20) layer. Fig-
ure 1(b) shows the dependence of the leakage current Il
between the FH and the gate electrode as a function of
the voltage Vg applied to the gate. The leakage does not
exceed 100 pA at gate voltages of up to ±5 V, indicating
a high quality of the AlOx(20) insulator characterized
by the breakdown electric field of more than 4 MV/cm.
All the measurements described below were performed at
temperature T = 6 K, and a fixed angle θ = 30◦ between
the in-plane field and the direction of current driving the
SCAO.
Spectroscopic measurements of the microwave gener-
ation and the spin torque-induced ferromagnetic res-
onance (ST-FMR) performed at zero gate voltage al-
lowed us to characterize the magnetic properties and
the spectral characteristics of the SCAO [Fig. 2]. Auto-
oscillations, indicated by the abrupt emergence of a sharp
spectral peak, were observed above the critical current
Ic ≈ 5.7 − 6.1 mA in the studied range of fields. The
value of Ic is significantly smaller than in the previously
studied planar point contact spin Hall oscillators based
on thicker Py/Pt bilayers [18, 26], due to a combina-
tion of the more efficient spin injection from the thin Pt
layer [27] and the larger effects of spin current on the
relatively thin Py layer.
Figure 2(a) shows an example of the auto-oscillation
spectra acquired at I = 6.7 mA, and applied field rang-
ing from 200 Oe to 750 Oe. The spectral peak was well
approximated by the Lorentizian function, as shown by
the solid curves. Spectral characteristics such as the full
width at half maximum (FWHM), the central peak fre-
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Figure 3: (Color online).Effects of electrostatic gating on the microwave generation characteristics of SCAO. (a) Symbols:
Power spectral density (PSD) of generation spectra at the labeled values of the gate voltage Vg ranging from 5 V to 5 V, at
H = 340 Oe and I = 6.2 mA. The curves are the results of fitting by the Lorentzian function. Inset: dependence of the central
frequency shift ∆f(Vg) = f0(Vg)− f0(0) of the spectral peak on the gate voltage (symbols), and the linear fit of the data (line).
(b) same as (a), at I = 6.7 mA. (c)-(e) Dependence of the central generation frequency f0 (c), the linewidth FWHM (d), and
the integral intensity P (e) on current I at Vg = -5 V (triangles), 0 (circles), and 5 V (squares). The central frequency and the
linewidth were determined by fitting the power spectra with the Lorentzian function, as shown in (a) and (b). The solid lines
in (d) are the linear fits utilized to determine the effective excitation current shift, δI(±5 V ) = ±0.07 mA.
quency f0, and the generated power P were extracted
from the Lorentzian fitting. Fig. 2(b) and (c) show the
dependence of the minimum linewidth and the maximum
integral intensity on field, both of which were observed
at currents close to the same value Ip corresponding to
the largest amplitude of the microwave generation peak.
The auto-oscillation frequency also exhibits a maximum
at the same current value Ip. The linewidth is small at
low fields, with a minimum of 6 MHz at H = 270 Oe,
and gradually increases at larger fields to 36 MHz at
H = 750 Oe [Fig. 2(b)]. The integral intensity P exhibits
a non-monotonic dependence on field, with a broad max-
imum near the field H ≈ 400 Oe somewhat larger than
that corresponding to the minimum linewidth. The crit-
ical current Ic for the onset of auto-oscillation exhibits a
broad minimum of 5.7 mA around the same field range
[Fig. 2(d)]. The observed variations of auto-oscillation
characteristics are likely associated with the field depen-
dence of the dynamical mode spectrum in the point con-
tact region of the Py(3) film. In particular, the increase
of the minimum linewidth and of the critical current, and
the decrease of the maximum generated power at large
fields, are indicative of the presence of a secondary dy-
namical mode whose frequency is close to the uniform
FMR mode, resulting in decreased coherence and ampli-
tude of auto-oscillation [28–30].
The magnetic properties of the Py film and the nature
of the auto-oscillation mode were established by utiliz-
ing the spin torque-driven ferromagnetic resonance (ST-
FMR) technique [31]. A microwave current with rms
amplitude of 1 mA was applied to SCAO, resulting in
the magnetization oscillation at the same frequency. The
oscillation amplitude was characterized by the dc volt-
age produced by mixing of the resistance oscillation with
the applied current. The dependence of the dc volt-
age on field could be well fitted by a sum of a sym-
metric and an antisymmetric Lorentzian, as illustrated
in the inset of Fig.2(e) for a typical ST-FMR curve.
4Figure 2e shows the field dependence of the FMR fre-
quency fFMR and of the maximum auto-oscillation fre-
quency f0 reached at I = Ip. These data show that
the auto-oscillation frequency always remains lower than
fFMR, consistent with the properties of other in-plane
magnetized SCAO [18, 26]. These behaviors can be at-
tributed to the nonlinear nature of the auto-oscillation
mode, which forms a self-localized standing spin-wave
”bullet” [28]. We note that the frequency of the auto-
oscillation approaches fFMR at small H 200 Oe. This
explains the low-field broadening of the auto-oscillation
spectrum [Fig. 2(b)], since a larger spectral overlap be-
tween the auto-oscillation and the linear spin wave spec-
trum results in larger radiation losses. The ST-FMR data
can be fitted with the Kittel formula,
f = γ
√
H(H +Hd), (1)
, where γ is the gyromagnetic ratio, and Hd is the ef-
fective demagnetizing field. We note that spin-orbit cou-
pling at Py/Pt and Py/AlOx interfaces results in uniax-
ial magnetic anisotropy of the ultrathin Py(3) layer, with
the anisotropy axis normal to the film. This contribution
can be taken into account as an additional term in the
effective demagnetizing field Hd = 4piM −
2K
tM
, where K
is the anisotropy coefficient, and t = 3 nm is the thick-
ness of the Py film. The magnitude K = 0.27 erg/cm2
of the interfacial magnetic anisotropy was obtained from
fitting the ST-FMR data using the saturation magne-
tization Ms = 840 emu/cm
3 previously determined for
similar Py films [26].
Our central experimental result is the dependence of
the magnetization oscillation characteristics on the elec-
tric field produced by the gate voltage Vg. We an-
alyze this effect at field H = 340 Oe, at which the
SCAO produces a large generation power and a narrow
spectral linewidth [Figs. 2(b,c)]. Figures 3(a) and (b)
show the power spectral density of the oscillation spec-
tra at I = 6.2 mA and 6.7 mA, respectively, for the
bias voltage Vg ranging from −5 V to +5 V. The shift
∆f(Vg) = f0(Vg) − f0(0) of the central oscillation fre-
quency exhibits a linear dependence on Vg with the slope
of 4.6 MHz/V at I = 6.2 mA, as shown in the inset of
Fig. 3(a). In addition to this shift, at I = 6.2 mA the
intensity of the spectral peak also varies with the gate
voltage. Meanwhile, at I = 6.7 mA, gating produces
only a frequency shift at a rate of 6 MHz/V. The differ-
ence between the effects of gating at these two currents
is closely correlated with the current dependence of the
oscillation characteristics, as discussed below.
Figures 3(c)-(e) show the current dependencies of the
central oscillation frequency, the linewidth, and the gen-
eration power, measured at Vg = −5 V, 0, and 5 V. The
frequency and the generation power slowly increase, and
the linewidth linearly decreases at small currents. At
currents above 6.1 mA, the generated power rapidly in-
creases, the frequency exhibits a strong redshift, while
the linewidth remains approximately constant. Simi-
larly behaviors have been observed both in the spin valve
nano-oscillators [32] and in spin Hall oscillators [26],
and are consistent with the nonlinear theory of mag-
netic nano-oscillators [30]. We note that the cross-over
at I = 6.1 mA superficially resembles a transition from
the regime of spin current-enhanced thermal fluctuations
at smaller currents to auto-oscillation at larger current.
However, the oscillation frequency is below fFMR even at
small currents, and therefore this dynamical state does
not belong to the linear spin-wave spectrum and cannot
be attributed to thermal fluctuations.
As is apparent from Fig. 3(c), the effect of gating on
the oscillation frequency can be described as mostly a
vertical shift. This observation is consistent with the
previous studies of the effects of gating in thin mag-
netic films, which demonstrated the possibility to mod-
ify the coercive field [8] and even switch the magneti-
zation direction [10]. These effects could be attributed
to the modulation of the surface magnetic anisotropy,
mostly due to the variation of the Fermi level at the
interfaces [33]. In our measurements, the frequency of
the oscillation also depends on the interfacial magnetic
anisotropy, described as a contribution to the effective
demagnetizing field Hd in the Kittel formula Eq. (1).
Based on the data of Fig. 3(c) and the Kittel formula,
we estimate that the electrostatic gating modulates the
interfacial anisotropy coefficient at the rate of dK/dVg =
2.2× 10−3 erg/(Vcm2).
The effects of the electric field are not limited to the
modulation of interfacial anisotropy. In particular, the
oscillation linewidth can be modified by electric field
at currents below the nonlinear crossover, where it lin-
early decreases with current [Fig. 3(d)]. However, the
linewidth is not significantly affected by gating at cur-
rents above the crossover. This effect can be approx-
imately described as a horizontal shift, with the effec-
tive current modulation of δI(Vg) = ±0.07 mA for Vg =
±5 V. The effect of gating on the current-dependent gen-
eration power can be similarly described as an effective
shift of the driving current [Fig. 3(e)]. The main contri-
bution to this shift likely comes from the electric-field de-
pendent interfacial Rashba-like contribution to the spin-
orbit torque, as demonstrated by the previous quasi-
static measurements in similar FH heterostructures [34].
This physical mechanism is expected to result in an effec-
tive rescaling of the driving current. For a small current
range, rescaling is approximately equivalent to a shift.
The data of Fig. 3 clearly demonstrate two different
effects of gating, one resulting from the field-dependent
surface anisotropy, another from the Rashba-like torque.
To quantitatively analyze their respective contributions
to the oscillation frequency, we can write
df/dVg =
∂f(I,K)
∂K
dK
dVg
+
∂f(I,K)
∂I
dI
dVg
(2)
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Figure 4: (Color online). Analysis of the current dependence
of the electric field effects. (a) Center frequency of the auto-
oscillation (left vertical axis) and its differential df/dI (right
vertical axis) vs I , at Vg = 0 andH = 340 Oe. (b) The current
dependence of the frequency shifts −∆f(5V ) = f(5V )− f(0)
(squares) and ∆f(−5V ) = f(−5V ) − f(0) (circles), with the
respective currents offset by ∆I = 0.07 mA for Vg = 5 V and
∆I(−5V ) = −0.07 mA for Vg = −5 V. The dashed line indi-
cates the current-independent frequency shift at I < 6.1 mA.
The solid line is a linear fit for the I > 6.1 mA data.
where the first term represents the contribution of the
surface anisotropy, and the second term comes from the
spin-orbit torque. The second contribution is determined
by the frequency nonlinearity of the oscillator described
by ∂f(I,K)/∂I. On the other hand, the voltage depen-
dence of the interfacial anisotropy is not directly affected
by the nonlinearity, and is expected to be approximately
independent of the driving current.
The presented analysis demonstrates that the fre-
quency nonlinearity of the oscillator can provide a sig-
nificant contribution to the gating effects. In the studied
SCAO, the magnitude of the nonlinearity remains small
at currents up to I = 6.2 mA, and exhibits a signifi-
cant increase at larger currents, as illustrated by the cur-
rent dependence of f and df/dI at Vg = 0 in Fig.4(a).
Since the frequency nonlinearity is weak at I < 6.1 mA,
the contribution of the effective current shift to the fre-
quency shift is small. As a consequence, gating effect
is dominated by the variation of the surface anisotropy,
independent of current. Indeed, the magnitude of the
frequency shift |∆f | ≈ 24 MHz at Vg = ±5 V remains
approximately constant in this current range [Fig. 4(b)].
At I > 6.1 mA, the nonlinearity plays an increasingly
significant role, as reflected by the increasing frequency
shift in Fig. 4(b). We can estimate the value of dI/dVg ≈
−0.014 mA/V in the second term in Eq. (2) from the
dependencies of the linewidth and the generation power
on the gate voltage [Fig.3(d),(e)]. Based on the value of
∂f/∂I = −85 MHz/mA at I = 6.7 mA determined from
Fig. 4(a), we calculate the contribution |∆fI | = 6.0 MHz
to the overall frequency shift at this current and Vg =
±5 V. This result is consistent with the total observed
shift of 30 MHz.
In summary, we have demonstrated that dynamical
magnetization states excited by spin current in magnetic
nano-oscillators based on spin-orbit torques can be con-
trolled by electrostatic gating. The observed effects are
produced by two distinct contribution, one caused by
the field-dependent interfacial magnetic anisotropy, an-
other caused by the modulation of the Rashba-like inter-
facial torque. The former results mostly in the oscilla-
tion frequency shift, the latter is approximately equiv-
alent to a shift of the driving current. Tuning of the
oscillation characteristics by electrostatic gating repre-
sents an energy-efficient and fast alternative to the pre-
viously demonstrated tuning by current and variations of
applied magnetic field [13, 14, 32, 35]. Our results indi-
cate that this mechanism can be particularly effective in
strongly nonlinear oscillators. For instance, for a mag-
netic nano-oscillator with frequency nonlinearity df/dI =
1.6 GHz/mA [35], we estimate that the frequency tuning
by gating can reach the efficiency of 22 MHz/V at the
base oscillation frequency of 24 GHz, four times larger
than 6 MHz/V demonstrated in our device. Electric-field
modulation of the current-induced magnetization oscilla-
tions and spin waves can be utilized for frequency mixing,
synchronization, and in logic gates in spin wave-based
electronic (magnonic) devices.
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